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Probing quantum and classical turbulence analogy through global bifurcations in a
von Ka´rma´n liquid Helium experiment
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We report measurements of the dissipation in the Superfluid Helium high REynold number von
Karman flow (SHREK) experiment for different forcing conditions, through a regime of global
hysteretic bifurcation. Our macroscopical measurements indicate no noticeable difference between
the classical fluid and the superfluid regimes, thereby providing evidence of the same dissipative
anomaly and response to asymmetry in fluid and superfluid regime. A detailed study of the variations
of the hysteretic cycle with Reynolds number supports the idea that (i) the stability of the bifurcated
states of classical turbulence in this closed flow is partly governed by the dissipative scales and (ii)
the normal and the superfluid component at these temperatures (1.6K) are locked down to the
dissipative length scale.
PACS numbers:
At low temperatures (T ≤ 2.17 K at saturated vapor
pressure), liquid Helium 4 is subject to a phase transi-
tion, from a classical fluid phase HeI (T > 2.17 K at
saturated vapor pressure) to a superfluid one HeII which
behaves like a two-fluid system, with one normal compo-
nent, following classical Navier-Stokes equations, and one
superfluid irrotational component, with quantized small
scale vortices and zero viscosity (see e.g. [1]). Both com-
ponents interact with these vortices, which gives raise to
the mutual friction between these components.
When a superfluid Helium 4 flow is forced within a
tank or past an obstacle, it can become turbulent. An im-
portant open question is how much analogy such “quan-
tum turbulence” bears with classical turbulence, and how
much it can be explained within the above mentioned
two-fluid model, and its mutual friction term [2].
In classical turbulence, at large enough Reynolds num-
bers, one distinguishes the (large) “inertial” scales, where
viscosity has no influence, and the (small) “dissipative”
scales, where viscosity matters. For instance, the energy
dissipation is known to be independent of the Reynolds
number, thus of the viscosity. It is controlled by the
way the large scales feed the intermediate inertial scales.
Also, the energy spectrum of isotropic homogeneous tur-
bulence has an universal behavior as k−5/3 when the wave
number k belongs to the inertial scales.
Since the pioneering von Ka´rma´n liquid Helium experi-
ment of Ref. [3], it is known that the inertial scales energy
spectrum does not change when the fraction of normal to
superfluid is lowered from 100% to 20% and follows the
above classical k−5/3-law. This finding was later con-
firmed in different geometries and with different forcing
in [4] using both a superfluid jet and grid turbulence.
Also, this analogy between the normal and quantum tur-
bulence extends to the energy dissipation, that was found
equal in both the classical fluid HeI and the superfluid
regime HeII at large Reynolds numbers [5–9]. Since then,
measurements of the energy transfers in superfluid he-
lium through Pitot tubes [10] have confirmed that they
are independent of the turbulence nature (quantum or
classical) down to the smallest experimentally accessi-
ble scales, unfortunately much larger than dissipative
scales [11].
Summarizing, the present experimental state-of-the-
art provides strong evidence that quantum turbulence
can be described at large scales by classical formulae de-
scribing conventional turbulence. A traditional expla-
nation is that mutual friction tends to lock the normal
and superfluid velocity fields together, so that the whole
is indistinguishable from a classical fluid with the total
helium density and the viscosity of the normal compo-
nent [12]. However, this locking should stop at small
scales, when its viscosity prevents the normal compo-
nent velocity from following the spatial variations of the
superfluid component.
In the present letter, we report an even more chal-
2lenging test of the analogy between quantum and clas-
sical turbulence by exploring the response of the system
to a forcing asymmetry in the SHREK experiment, a
low-temperature forced von Ka´rma´n liquid Helium ex-
periment providing very high Reynolds measurements in
liquid helium both in its classical (above 2.2 K) and su-
perfluid phase (below 2.1 K). This response has been
previously extensively studied in a scale 1:4 version of
the experiment involving classical fluids (water or glyc-
erol) [13–15] and was shown to lead to global bifurcation
akin to first or second order phase transition. In the
latter case, the transition involves both inertial effects
and non-trivial Reynolds dependence [15], that makes it
suitable to explore possible influence of the nature of the
dissipation mechanism, and provides more stringent tests
on the two-fluid model and of the analogy between quan-
tum and classical turbulence.
Experimental setup Our experimental setup is de-
scribed in [16]. It consists of a cylinder of radius R =
0.39 m and height H = 1.2 m. The fluid is mechanically
stirred by a pair of coaxial impellers rotating in oppo-
site direction. The impellers are disks of radius 0.925R,
fitted with 8 radial blades of height 0.2R and curvature
radius 0.4625R. Two senses of rotation can be defined,
according to whether the flow is pushed with the con-
vex (+) or concave (−) part of the blades. The disks
inner surfaces are 1.8R apart setting the axial distance
between impellers from blades to blades to 1.4R. The
impellers rotation rate f1 and f2 can be varied indepen-
dently from 0.1 to 2 Hz, delivering a total power ranging
from 120 W at 1.6 K to 800 W at 4.5 K. This exper-
iment benefits from high flexibility of flow conditions,
due to the large variation of helium properties over the
available temperature range (1.6 K to 5 K). Both su-
perfluid and normal turbulence measurements are possi-
ble in the same experiment, with adjustable fraction of
the superfluid component (from ≈ 85% at 1.6 K to 0%
above 2.2 K). Torque measurements at each impeller are
performed with SCAIME technology and provide values
over the kHz range of C1 and C2, being respectively the
torque applied to the bottom and top shafts. Follow-
ing the procedure described in [17], they are calibrated
using measurements at different mean frequencies, so as
to remove spurious contributions from genuine offsets or
mechanical frictions.
Control parameters and diagnostics The control
parameters of the studied von Ka´rma´n flow are the
Reynolds number Re = π(f1 + f2)R
2/ν, where ν is
the fluid viscosity, which controls the intensity of tur-
bulence and the rotation number θ = (f1 − f2)/(f1 +
f2), which controls the forcing asymmetry. Choosing
R and Ω−1 = (π(f1 + f2))
−1 as unit of length and
time, we compute the non-dimensional value Kp1 and
Kp2 of the torque as: Kpi = Ci/(ρR
5Ω2), where ρ is
the density of the working fluid. From this, we com-
pute two diagnostics: the mean non-dimensional torque:
Kp = (Kp1 + Kp2)/2, and the response to asymmetry:
∆Kp = (Kp1−Kp2). In the exact counter-rotating case
(θ = 0), the non-dimensionalized mean dissipation then
reads (C1 + C2)Ω/(ρR
5Ω3) = 2Kp. In the sequel, we
present results obtained using 3 types of fluids, under
operating conditions and characteristics that are sum-
marized in Table I. In the superfluid regime, the value
of the viscosity is ill-defined, due to the quantum nature
of the fluid. In all subsequent comparisons, we adopt
the conventional view and assign an effective kinematic
viscosity νeff = µ/ρ, where µ is the dynamical viscos-
ity of the normal component, and ρ the total density of
the fluid, as if both component were locked together. In
the table, we also include the characteristics of the scale
1:4 water experiment, that will be used for reference and
discussions.
Fluid P T F R ρ 107 × ν Re
(bar) (K) (Hz) (m) (kg/m3) (m2/s)
HeI 1.1 2.62 0.1-0.6 0.4 147.3 0.20 5 106 – 3 107
HeII 1.1 1.63 0.1-0.6 0.4 147.3 0.10 1 107 – 6 107
N2 3.7 284 1.8 0.4 4.4 40 5 10
5
H2O 1.8 300 2-15 0.1 1000 10 1 10
5 – 1 106
TABLE I: Summary of the four fluid configurations studied
in the present paper, and their main properties (density ρ,
viscosity ν, Reynolds number Re) under operating conditions
(Pressure P , Temperature T , mean impeller frequency F =
(f1 + f2)/2 and cylinder radius R). In the HeII superfluid
regime, the effective viscosity is reported, νeff .
A first campaign of experiments took place in October
2012. During this campaign, results were obtained at
P = 1.1 bar above the superfluid transition T = 2.62 K,
and below T = 1.63 K, to ensure that the total fluid den-
sity is equal to ρ = 147.3 kg/m3 in each case. In the HeII
regime, the superfluid fraction was about 85%. The low
temperature results are compared with those obtained in
nitrogen at 284 K and 4 bar. The present results there-
fore span a range of control parameter corresponding to
Re ∈ [105; 108], and θ ∈ [−1; 1] for the (−) sense of rota-
tion, and Re ∈ [105; 108] at θ = 0 for the (+) sense.
Dissipation anomaly As mentionned above, there is
now overwhelming evidence that in classical homoge-
neous and isotropic turbulent flows of typical fluctuat-
ing velocity u and typical length L, the mean energy
dissipation rate does not vanish in the limit of vanish-
ing viscosity, but instead converges to a finite universal
limit when adimensionalized by u3/L [18, 19] that can
be related to the so called Kolmogorov constant [20, 21].
There is presently no rigorous derivation of this property
from the Navier-Stokes equations, so we cannot rule out a
priori a dependence of this limit on the nature of energy
dissipation. For a non homogeneous and non isotropic
flow such as the von Ka´rma´n flow, the adimensionalized
mean energy dissipation is given by 2Kp and the question
is whether Kp undergoes a variation when the superfluid
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FIG. 1: Variations of Kp = (Kp1 + Kp2)/2 as a function of
Re at θ = 0 for various fluids. Measurements at the lowest
Reynolds numbers are taken from [22] and were obtained us-
ing impellers with 16 blades. Measurements at Re ≤ 105 are
performed with Polycarbonate (Saclay experiment) or metal
(SHREK experiment) impellers with 8 blades, strictly homo-
thetic. Pink (N), bifurcated (−) regime in Saclay experi-
ments; pink (H), same regime in SHREK (nitrogen); pink
(◮), experiments in helium. Symbols with black outline ac-
count for superfluid experiments. Orange (), symmetrical
(−) regime of Saclay experiments. Orange (), same regime
in helium, in SHREK. Green (•) and (⋆), (+) regimes, respec-
tively for Saclay and SHREK nitrogen experiments. Green
(), SHREK helium experiments. Dotted lines are eye-guides.
Black dashed line account for viscous stirring, Kp ∝ Re
−1.
component is becoming more and more important. Pre-
vious measurements of the non-dimensional dissipation
Kp in von Ka´rma´n experiments with similar impellers
operated at θ = 0 for Reynolds numbers between 100
and 106 are summarized in Fig. 1, showing Kp as a func-
tion of Re. They show a saturation ofKp above Re ∼ 10
5
in both rotation senses for counter-rotating impellers at
θ = 0 [22]. The present measurements at θ = 0, extend-
ing up to Re = 6 × 107, confirm this saturation with-
out any ambiguity, in the three stationary regimes: the
symmetric (+) and (−) and the non-symmetric (“bifur-
cated”) (−) regime, see Fig. 1. The overlap of measure-
ments in N2 and in H2O, performed at similar Reynolds
numbers in two different experiments confirms the va-
lidity of our calibrations and justifies that no additional
bearing due to mechanical frictions can explain this satu-
ration. The dissipation in the superfluid regime (symbols
with black outline) for the (−) sense is reported in Fig. 1,
using the effective Reynolds number. One sees that the
dissipation is identical in the fluid and in the superfluid
regimes, thereby confirming earlier results obtained in a
von Kr´ma´n driven by straight-blade impellers [5].
We have further investigated the universality of the en-
ergy dissipation as a function of θ by imparting a differ-
ential rotation of the impellers. When θ 6= 0, the torques
applied by the two impellers can become different. It is
therefore useful to study both Kpi individually. This is
done in the classical regime in Fig. 2-Top, for the exper-
iment operating in the (−) sense and for the 3 different
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FIG. 2: Non-dimensional torques Kpi corrected with θ = 0
value to ensure θ → −θ symmetry, varying with θ for various
fluids, corresponding to different Reynolds number ranges (see
Table I). Left: blue () and red (⋆) are respectively the lower
and upper torques in nitrogen experiment. Blue (H) and red
(N), same quantities in HeI. Right: blue (◮) and red (◭),
same quantities in HeII. For both graphs, the red solid and
the blue dashed lines recall the values of Kp(θ) for Saclay
experiments in water.
fluids, at different Reynolds numbers. All the curves col-
lapse approximately on two master curves describing the
torque on the two impellers. For large enough θ, the two
curves are single valued, and are ordered with respect to
the impeller frequency, the largest non-dimensional dis-
sipation being observed for the impeller rotating at the
highest frequency. In the range |θ| ≤ 0.4, the dissipation
becomes multi-valued, tracing the multistability of large-
scale flow solutions. In that interval of θ, the collapse of
the curve is not as good as for large θ, since the H2O and
N2 fluids appear to be multi-valued only on a smaller in-
terval than Helium I. This difference will be further dis-
cussed in the next Section. Overall, the collapse observed
in Fig. 2 confirms that the non-dimensional dissipation in
the classical regime is universal above Re ≥ 105, at any θ.
For comparison, we provide in Fig. 2-Bottom the torque
measurements for various θ in the regime with 85 % su-
perfluid. One sees that they collapse on the same two
master curves describing the fluid regime. In this context,
while it is tempting to call for singularities to explain
anomalous dissipation in homogeneous and isotropic tur-
bulence, as initially suggested by Onsager [23–25], it ap-
pears that the large-scale mean flow is instead of crucial
importance to determine the limiting value of Kp in a
von Ka´rma´n flow. We can also infer that the very nature
of the viscous dissipation does not itself select the large
scale flow, justifying a posteriori the statistical physics
descriptions of the von Ka´rma´n steady states [14, 26].
Torque Asymetry response In the (−) sense, the
torque asymetry actually traces a hysteretic global bi-
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FIG. 3: Shifted values of ∆Kp(θ) in SHREK to ensure sym-
metry with respect to θ = 0 (same process as in Fig. 2). Teal
(⋆), nitrogen experiment ; green (•) liquid helium ; red (◮),
superfluid helium. Blue dashed line recalls the ∆Kp values of
the Saclay water experiments.
furcation [13, 22], corresponding to a spontaneous sym-
metry breaking between two large scale circulations: (i) a
symmetric flow composed of two symmetric toric recircu-
lation cells separated by an azimuthal shear layer located
at z = 0. This flow is characterized by Kp1 = Kp2 and
is only observed in the vicinity of θ = 0; it is stable at
θ = 0 and metastable otherwise; (ii) a one-cell flow with
a shear layer concentrated in between the blades of the
slowest impeller. This flow can coexist with its parity
symmetric in a range of parameter |θ| ≤ θ∗. The corre-
sponding torque ∆Kp as a function of θ is made of two
parallel branches, the lower (resp. upper) one stopping
(resp. starting) at θ∗ (resp. −θ∗), thereby drawing an
hysteresis cycle (see dotted line of Fig. 3).
To explore the cycle properties in our SHREK experi-
ment, we have used the data of Fig. 2 to study the torque
asymmetry response for different fluids. This is done in
Fig. 3. The data are more scattered than for individ-
ual torques, but overall, they collapse around the two
straight branches of the hysteresis cycle. The Reynolds
dependence of the hysteresis cycle is observed for two
quantities: its width, 2θ∗ and and its height ∆K0. We
have measured these quantities, and plotted them in
Fig. 4 that summarizes their behavior for all the fluids.
For Reynolds numbers around Re ∼ 5 × 105 (H2O and
N2), the width extends over roughly 2θ∗ = 0.3 ± 0.03
while at Re ∼ 2 × 107 (HeI), the width extends up to
2θ∗ = 0.45± 0.03 and the height ∆K0 is slightly smaller
than at lower Reynolds numbers. This trend is con-
firmed in the superfluid case (HeII), with a hysteresis
width also of the order of again 2θ∗ = 0.5 ± 0.03 and
height of ∆K0 = 0.13 ± 0.03. Note that the precision
of the SHREK measurements is not as good as in H2O
for ∆K0, but is good for 2θ∗, which refers to rotation
frequencies, measured with a good precision. Overall,
one observes a well-defined trend as a function of Re,
confirming the previous results obtained in [15]. As far
as classical fluids are concerned, the present experiment
demonstrates that the width of the hysteresis cycle in-
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FIG. 4: Top: height ∆K0 of the hysteresis loop plotted in
fig. 3, as a function of the Reynolds number. Bottom: width
2θ∗ of the hysteresis cycle. Blue () (Orange ()), Saclay
experiment in water with 16 blades (8 blades) impellers; teal
(⋆), SHREK experiment in nitrogen; (•), in liquid helium;
red (◮), in superfluid helium.
creases with Reynolds numbers leading to the following
picture at infinite Reynolds numbers: once bifurcated in
one state, the flow remains stuck in it. It also shows that
the origin of the transition from one branch to the other
when θ is increased cannot be attributed to the sole iner-
tial scales, as it depends on the viscosity. Moreover, the
values observed in the superfluid experiment and plotted
using the effective Reynolds number fit well with the clas-
sical fluid experiments. This analogy between quantum
and classical turbulence is shown here for the first time
on a Reynolds dependent quantity. It suggests that the
normal and superfluid components are locked together
down to the dissipative scales, at least in this tempera-
ture range, in agreement with numerical simulations of
the two-fluid model [27].
Discussion Exploring the properties of a global bifur-
cation in liquid Helium 4 experiment, we have been able
to probe the analogy between forced classical and super-
fluid turbulence in a von Ka´rma´n geometry. Our first re-
sult is the confirmation, for a vast range of forcing condi-
tions, that the injected energy in the flow is dissipated in
the same way in the purely viscous flow (i.e. T > 2.18 K)
and in the two-components fluid (i.e. T < 2.18 K) flow.
This is expected if the energy transfers are controlled by
the large scales where the two components are locked by
the mutual friction in the superfluid phase. This also
confirms that the very nature of the microscopic dissipa-
tion mechanism does not itself select the large scale flow
in von Ka´rma´n experiments, as it has been proposed in a
statistical physics point of view [14]. Through a detailed
analysis of the global bifurcation properties, we have also
been able to detect the signature of an effective dissipa-
tive process in the superfluid regime. This signature is
5comparable to that of a classical Helium 4 with the same
total density and the dynamical viscosity of the normal
component, that corresponds to νeff ∼ 9.4.10
−9 m2/s.
Such a classical turbulent fluid would have a dissipa-
tive scale ηeff = (ν
3
eff
/ǫ)1/4, where ǫ is the rate of energy
dissipation per unit mass. At sufficiently low tempera-
tures, one expects the normal and superfluid components
to decouple at the normal component dissipative scale
ηn ≫ ηeff , while the average distance between quantized
vortices is ηs ≤ ηeff [27]. Depending on the nature of
the mechanism which controls our hysteresis, one or the
other of these two lengths ηn or ηs should be pointed out,
not ηeff . It is why our results suggest that both compo-
nents are locked down to the dissipative scale, even if
the normal component represents only 15% of the total
density.
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